Arabidopsis genome expression pattern changes in response to phosphate (Pi) starvation were examined during a 3-d period after removal of Pi from the growth medium. Available Pi concentration was decreased after the first 24 h of Pi starvation in roots by about 22%, followed by a slow recovery during the 2nd and 3rd d after Pi starvation, but no significant change was observed in leaves within the 3 d of Pi starvation. Microarray analysis revealed that more than 1,800 of the 6,172 genes present in the array were regulated by 2-fold or more within 72 h from the onset of Pi starvation. Analysis of these Pi starvation-responsive genes shows that they belong to wide range of functional categories. Many genes for photosynthesis and nitrogen assimilation were down-regulated. A complex set of metabolic adaptations appears to occur during Pi starvation. More than 100 genes each for transcription factors and cell-signaling proteins were regulated in response to Pi starvation, implying major regulatory changes in cellular growth and development. A significant fraction of those regulatory genes exhibited distinct or even contrasting expression in leaves and roots in response to Pi starvation, supporting the idea that distinct Pi starvation response strategies are used for different plant organs in response to a shortage of Pi in the growth medium.
Phosphorus is one of the three essential macronutrients of plants. Phosphorus is not only a constituent of such key cell molecules as ATP, nucleic acids, and phospholipids, but it is also a pivotal regulator in many metabolisms, including energy transfer, protein activation, and carbon and amino acid metabolic processes (Marschner, 1995) . Limitation of phosphate (Pi) causes both molecular and developmental adaptation in all organisms. In higher plants, Pi limitation leads to dramatic changes in root growth and architecture, such as an increase root to shoot ratio, an increase of lateral roots, and an increase of root hair number and length, thus Pi use can be enhanced (Bates and Lynch, 1996; Rubio et al., 2001) .
Many molecular adaptation responses have been described from various organisms. For example, under Pi limitation, both Escherichia coli and Brewer's yeast (Saccharomyces cerevisiae) activate a multigeneinducible system to scavenge traces of usable Pi from the surrounding medium (Torriani, 1990; Lenburg and O'Shea, 1996) . The existence of an analogous multigene Pi starvation-inducible system has also been proposed in higher plants based on studies with tomato (Lycopersicon esculentum) plants (Goldstein et al., 1989) . Several individual genes responsive to Pi starvation have been described. These include acid phosphatases with broad substrate specificity (Duff et al., 1994; Trull and Deikman, 1998) , phosphoenolpyruvate (PEP) phosphatase and pyrophosphatedependent phosphofructokinase (Theodorou and Plaxto, 1993) , RNases (Green, 1994) , high-affinity Pi transporter (Raghothama, 2000) , phosphodiesterases (Abel et al., 2000) , ␤-glucosidase (Malboobi et al., 1998) , and others of unknown function Burleigh and Harrison, 1999) .
Pi starvation-responsive genes appear to be involved in multiple metabolic pathways, implying a complex Pi regulation system in plants. Investigation of Pi starvation-responsive genes at a genomic level is required to establish a more complete inventory of the genes and pathways that are responsive to Pi starvation stress. A whole-genome DNA microarray analysis revealed that the yeast system consists of more than 20 Pi starvation-regulated genes under the same control mechanism (Ogawa et al., 2000) . Recently, a MYB transcription factor (TF) responsive to Pi starvation was found based on a mutant screened from an Arabidopsis transgenic line harboring a reporter gene specifically responsive to Pi starvation (Rubio et al., 2001 ). This TF is directly involved in the expression of the Pi starvation-inducible genes, AtIPS1, AtIPS3, and RNS1. However, a systematic gene expression profile analysis and characterization of metabolic pathways under Pi starvation at the genome level are not available for Arabidopsis or for any higher plants. Such a genome-scale analysis would be very useful for understanding the mechanism and would provide a basis for characterization of specific mutations defective in response to Pi starvation.
Microarray technology has become a useful tool for the analysis of plant genome expression profiles under a variety of developmental or environmental conditions. Recently, several successful studies of gene expression profiles responsive to environmental cues have been reported. They include light (Ma et al., 2001 (Ma et al., , 2003 Tepperman et al., 2001; Wang et al., 2002) , the circadian clock (Harmer et al., 2000) , nitrogen nutrition , plant defense against pathogens (Maleck et al., 2000) , and abiotic stresses (Kawasaki et al., 2001; Seki et al., 2001) . In the present study, we applied an Arabidopsis microarray (Ma et al., 2001 ) to analyze genome expression profiles in response to Pi starvation time points in leaves and roots of Arabidopsis. Our results indicate that approximately 29% of the genes on our microarray were up-or down-regulated 2-fold or more during the Pi starvation in leaves and/or roots. This large number of Pi starvation-responsive genes defines a variety of cellular metabolic pathways and functions.
RESULTS

Experimental Design and Plant Pi Concentration Measurements
Wild-type Arabidopsis (Columbia ecotype) seeds were germinated and grown under normal Pi conditions (Chen et al., 2000) up to 30 d and then transferred to Pi starvation conditions (without Pi in the culture solution) for 6, 24, 48, and 72 h, as well as control containing the normal level of Pi. Both leaves and roots were sampled from two separate experiments at the four indicated time points for free Pi content measurement. For each time point, dried weight of leaf and root and total free Pi were determined for 10 plants from each experiment. The average data from the two experiments was used. These measurements revealed that the Pi concentration in root was decreased by 22% after 24 h of starvation, and the decrease declined to about 11% during the 2nd d and about 6% during the 3rd d of Pi starvation, whereas no obvious changes were detected in leaf tissue (Table I ). The results indicate that during the 72 h period of Pi starvation, the starvation triggered a significant drop in free cellular Pi in roots, but not in leaves. This result indicates that removing the Pi Two duplicated biological samples for each treatment were used for total RNA preparation. The ratios of gene expression at each time point after Pi starvation compared with the control plants were obtained from four to six replicated hybridizations, including reverse fluorescent dye labeling. The ratios of both inducible and repressible expression were calculated as described (Ma et al., 2001) . Only high quality and reproducible data from parallel RNA preparations of independent biological samples, with correlation coefficient constant better than 0.85, are considered as acceptable data for further analysis (see supplementary material at http://www.plantphysiol.org). Nine representative clones induced or repressed from 2-fold to more than 60-fold from the microarray analysis were selected for RNA gel-blot analysis. The RNA gel-blot results are quite consistent with the results from microarray data (Fig. 1) , thus validating the microarray result.
General Features of the Pi Starvation-Responsive Expression Profile
A total of 1,835 genes (about 29% of the total genes on the microarray) exhibited alteration in their RNA expression in response to Pi starvation in at least one of the four time points using a median 2-fold ratio cutoff. The total number of genes that exhibited changes in expression pattern is almost double in leaves (1,398) in comparison with roots (730). There are both overlapping and distinct genes regulated in the leaves and roots. There were totals of 680 and 333 up-regulated genes in leaves and roots, respectively, with 2-fold or higher differential expression for at least one time point. About 192 of those induced genes are shared between leaves and roots, and 488 and 141 are specifically induced in leaves and roots, respectively. There were 718 and 397 genes downregulated in leaves and roots, respectively. Among them, only 101 genes are shared by roots and leaves, whereas 617 and 296 are specifically repressed in leaves and roots, respectively. Thus the majority of the repressed genes are distinct between roots and leaves upon Pi starvation, suggesting distinct strategies used by those two plant organ types in response to Pi starvation in the growth medium.
Across the four time points examined, most of gene expression changes (1,148 and 632 of genes for leaves and roots) showed a similar kinetic pattern, e.g. initiation of induction or repression after 6 h starvation, with maximum induction or repression at 48 h, and a decrease at 72 h ( Figs. 2A and 3 ). Several other kinetic patterns for gene expression changes, however, were also observed. For examples, in leaves, the induction of expression under Pi starvation for 84 and 20 genes peaked at 24 and 72 h, respectively. In roots, 10, 30, and 12 genes were maximally induced at 6, 24, and 72 h, respectively. As for down-regulated genes, 6, 115, and 20 genes were maximally repressed at 6, 24, and 72 h, respectively, in leaves, whereas 7, 9, and 24 genes were maximally repressed at 6, 24, and 72 h, respectively, in root tissue (Fig. 4) . As shown in Figure 4 , the repression pattern of the genes maximally repressed at 72 h in roots was different from that in leaves. There are also some genes that were induced or repressed at one time point, while oppositely regulated at another time point in the same organ (Fig. 2 , B and C).
Functional Classifications of the Differentially Expressed Genes
Those genes whose expression is significantly altered represent a large range of functional categories. On the basis of the recent functional classification of Arabidopsis genes (http://mips.gsf.de/proj/thal/ db/search/search_frame.html; http://www.ncbi. nlm.nih.gov), Pi starvation-responsive genes include those involved in cell biogenesis, cellular organization, cellular transport and transport mechanisms, cell division, nucleic acid metabolism, amino acid metabolism, protein synthesis, protein destination, carbon metabolism, photosynthesis, respiration, photo-oxidative respiration, nitrogen, phosphorus and sulfur metabolisms, senescence, transporter facilitation, signal transduction, compartments, transcription, second metabolism, developmental regulation, responses to stresses, and others. Some selected genes involved in carbon and nitrogen assimilation, metabolic adaptations, TFs, and signal transduction are described below. All of the specific genes listed in the figures thereafter and presented below were sequenced to confirm their identity in this study.
Down-Regulation of Genes for Photosynthesis and Nitrogen Assimilation
Although there was no detectable change of Pi concentration in leaves within 72 h of Pi starvation, representative genes for photosynthesis and nitrogen assimilation were down-regulated after 24 h of Pi starvation, which could lead to a growth arrest. A total of 29 genes involved in photosystem (PS) I, PSII, and Calvin cycle and chlorophyll A/B-binding proteins were repressed 2-to 7-fold after 48 h of Pi starvation in leaves. The expression patterns of the representative genes are shown in Figure 5A . These Clustering analysis of Arabidopsis genes that exhibited 2-fold or more expression regulation in response to Pi starvation at any time point examined in either leaves or roots. A, Overall cluster display. Note only 1,471 genes from the 1,835 genes were included for the cluster display due to the fact that 364 genes had one or more missing data point. See supplementary data at http://www.plantphysiol.org for more information. B, Expression patterns of some representative genes in leaves and roots from three subclusters. C, Individual genes representing typical expression profiles were selected and clustered together for comparison. The color scale is shown under B.
genes encode components of PSI and PSII, which harvest light energy and coordinately produce ATP through photophosphorylation and NADPH and reduced ferredoxin (Fdx Ϫ ) catalyzed by Fdx-NADP reductase (FNR) and Fdx-thioredoxin reductase (FTR). There are also genes that encode Rubisco small subunits, glyceraldehyde-3-phosphate dehydrogenase, and sedoheptulose-1,7-bisphosphatase, all key regulatory enzymes in CO 2 assimilation, reduction, and the regeneration phase of the Calvin cycle, respectively. The expression of all of those genes were repressed, most of them maximally at 48 h after onset of Pi starvation (Fig. 5A) .
The genes for nitrate reductase, nitrite reductase (NiR), Gln synthase (GS), and Glu synthase (Fdx-GOGAT) were repressed by 3-to 5-fold in both leaves and roots after 24 h of starvation (Fig. 5B) . The reduction of nitrate to ammonium requires both nitrate reductase and NiR activities. Nitrite reduction requires Fdx as a reductant. In leaf photosynthetic cells, Fdx is reduced in PSI by FTR. In roots, Fdx is reduced in plastids by FNR, which uses NADPH as a reductant. As shown in Figure 5A , FTR and FNR were repressed in both leaves and roots. Thus it is logical that this reduced supply of reductant is correlated with down-regulation of the nitrate assimilation components.
On the other side, the GS/GOGAT cycle is the principle route of the primary ammonium assimilation and re-assimilation of photorespiratory ammonium and of the synthesis of Glu and Gln in plants. Two classes of GS isoenzymes are found in plants, one in chloroplasts and another in the cytosol. Both genes corresponding to GS were repressed in roots, although marginally or not affected in leaves. Fdx-GOGAT catalyzes a Fdx-dependent reaction to produce Glu using Gln and ␣-ketoglutarate as substrates, in coordination with GS. In the GS/GOGAT cycle, Asp aminotransferase (Asp), which is involved in producing ␣-ketoglutarate, was also repressed. This suggests a coordinated down-regulation of primary ammonium assimilation upon Pi starvation.
Interestingly, Glu dehydrogenase (GDH) was induced upon Pi starvation. GDH can catalyze both the synthesis of Glu using NH 4 ϩ and ␣-ketoglutarate as substrates under high NH 4 ϩ concentration and its reverse reaction (catabolism) to yield NH 4 ϩ and ␣-ketoglutarate. It has been proposed that the primary role for GDH in vivo is in Glu catabolism, because NH 4 ϩ will not be accumulated in higher concentrations in plants and GDH will be induced under carbon limiting conditions. Under Pi starvation, the repression of photosynthesis results in carbon starvation, which can trigger the catabolism of proteins and amino acids and release of free NH 4 ϩ .
Pi Starvation Alters the Balance of Synthetic and Catabolic Carbon Metabolisms
Together with repression of photosynthetic genes upon Pi starvation, genes for synthetic pathway components for starch, fatty acids, and lipids were also repressed. As shown in Figure 5C , those include genes encoding ADP Glc pyrophosphorylase, -3 fatty acid desaturase, and ␤-ketoacyl-CoA synthase. In contrast, there is a general induction of genes encoding enzymes for the breakdown of fatty acids, Figure 3 . The number of genes whose expression was regulated by Pi starvation. The number of genes induced or repressed over 2-fold after the Pi starvation-regulated genes in leaves and roots at 6, 24, 48, and 72 h was recorded. At each time point, the four bars represent number of genes with ratio values: Ͼ10, between 10 and 5, between 5 and 3, and between 3 and 2. For more details, see supplementary information at http://plantgenomics.biology.yale.edu. A, Number of genes induced in leaves after Pi starvation; B, number of genes repressed in leaves after Pi starvation; C, number of genes induced in roots after Pi starvation; D, number of genes repressed in roots after Pi starvation.
lipids, and isoprenoids. Further, Pi starvation also favors carbon transport, because expression of genes for Suc synthesis, Glc transporters, and gluconeogenesis were induced.
There is also a general increase in the expression of genes involved in cell wall synthesis and degradation. Figure 5C lists several representative genes whose expression is induced by Pi starvation. For example, the synthesis of non-cellulose cell wall polysaccharides in the Golgi apparatus uses several nucleotide sugars as substrates. Beginning with formation of UDP-Glc and GDP-Glc, nucleotide sugar interconversion catalyzed by specific enzymes produces various nucleotide sugars. UDP-Glc 6-dehydrogenase and uridine diphosphate Glc epimerase are important enzymes in mediating sugar inter-conversion. The intracellular ␤-xylosidase is an exo-type enzyme that hydrolyzes xylo-oligosaccharides to produce the nucleotide sugar unit that can be used in cell wall biosynthesis. The genes for pectinesterase and pectate lyase, were also induced. The gene for xyloglucan endotransglycosylase (XET) was induced by 14-fold (Fig. 5C ).
During glycolysis, the cellular reductant and ATP can be generated by two alternate pathways. In the first case, NADH is generated in a reaction catalyzed by glyceraldehyde 3-phosphate dehydrogenase, whereas ATP is generated in two reactions catalyzed by 3-phosphoglycerate kinase and pyruvate kinase (PK), respectively. In the second pathway, NADPH is produced through a bypass from glyceraldehyde 3-phosphate directly to 3-phosphoglycerate catalyzed by a non-phosphorylating glyceraldehyde 3-phosphate dehydrogenase (Gap), and ATP is produced by PK. Some genes involved in the second pathway were up-regulated under Pi starvation, whereas those in the first pathway were downregulated (Fig. 5D) .
In the cytosol, PEP can be converted to pyruvate in a reaction catalyzed by PK or to malate catalyzed by PEP carboxylase and malate dehydrogenase. Two genes for PEP carboxylase and malate dehydrogenase, respectively, were repressed in both leaves and roots during Pi starvation (Fig. 5D) , whereas PK was up-regulated. Thus conversion of PEP to pyruvate, which can be funneled into the citric acid cycle, Alarelated amino acids synthesis, and ethanol and lactate synthesis, becomes the more prominent route during Pi starvation. Consistent with this observation, two genes for Ala glyoxylate aminotransferase, the key enzyme for synthesis of Ala family amino acids, were induced in both leaves and roots upon Pi starvation.
Pi Starvation Down-Regulating Protein Synthesis and Up-Regulating Protein Degradation
During the 72 h of Pi starvation, plant growth was arrested (Table I) . As a metabolic adaptation to the growth arrest, down-regulation of protein synthesis and up-regulation of protein degradation could be expected. Actually, there are 42 ribosomal protein genes whose expression was down-regulated by 2-to 5-fold in leaves, and in most cases in roots as well. Those genes encode both chloroplast and cytosol ribosomal proteins (Fig. 6A) . This general repression of protein synthesis machinery correlates well with down-regulation of eIF2, a key cytosol translation initiation factor, in both leaves and roots, especially in roots by more than 12-fold (Fig. 6A) . Many cellular proteins contain disulfide bonds critical for their function. The proper formation of disulfide bonds is facilitated by an endoplasmic reticulum-localized enzyme named protein disulfide isomerase. Peptidyl prolyl isomerases catalyze the cis-trans isomerization of X-Pro bonds, which helps the protein reach its final folded confirmation more rapidly. All of these genes involved in protein biosynthesis and assembly were repressed after Pi starvation. It is of interest to note that down-regulation of protein synthesis and assembly (Fig. 6A ) came somewhat later than those genes involved in carbon and nitrogen assimilation (Fig. 5, A and B) , suggesting that the repression of protein biosynthesis may be triggered by the limitation of carbon and nitrogen resources caused by Pi starvation.
It has been suggested that during nutrient starvation, plants transport a series of cytosolic proteins into the vacuole, where the proteins are degraded into amino acids and carbohydrates that can be exported from senescing tissues. In the vacuole, several proteases such as Cys protease, Asp protease, metalloproteases, and Ser proteases degrade proteins to generate exportable amino acids for cell re-use. All of these protease genes presented in the microarray were induced in leaves and most of them in roots as well (Fig. 6B) . It is believed that the protease ClpAP found in chloroplasts plays an important role in the degradation of chloroplast proteins. Two distinct ClpP genes were found to be induced upon Pi starvation. In the ubiquitin-proteasome degradation pathway, proteins destined for degradation are delivered to the proteasome after they are covalently modified by conjugation to a ubiquitin chain. Once ubiquitin tagged, the protein is delivered to the 26S proteasome for degradation. At least 18 genes for ubiquitin and the ubiquitin pathway genes were induced and expression patterns for two of them are present in Figure 6B .
TFs and Signal Transduction Components Involved in Pi Starvation-Regulated Gene Expression
Among the 333 TF genes represented in our microarray, expression for 111 of them (30%) was up-or down-regulated 2-fold or more upon Pi starvation. Among them, 74 were up-regulated, with 14 in both leaves and roots, 52 in leaves only, and eight in roots only. There were 36 TFs whose expression was down-regulated, with four in both leaves and roots, 26 in leaves only, and six in roots only. One gene was induced in roots but repressed in leaves. It is interesting to note that leaves and roots have largely nonoverlapping sets of TFs that are regulated during Pi starvation, implying distinct regulatory changes in leaves and roots. Figure 6A lists those TF genes whose expression is induced or repressed 3-fold or more during Pi starvation.
Among the 111 TFs, eight genes code for MYB proteins. The gene for MYB-related protein CCA1 was induced more than 6-fold in leaves and more than 3-fold in roots at the 24-h point (Fig. 7A) . It is interesting to note that at least two reported TFs that have been described as eukaryotic regulators of Pi Figure 5 . Pi starvation down-regulated genes involved in photosynthesis, nitrogen, and carbon metabolisms. A, The repression of selected photosynthetic genes during Pi starvation in leaves and roots at the four time points. The ratios for each gene listed are the median values of four to six replicates, and numbers in the parentheses are the SDs. The four times points examined are 6, 24, 48, and 72 h after Pi starvation for both leaves (L6, L24, L48, and L72) and roots (R6, R24, R48, and R72). B, Pi starvation down-regulated genes involved in nitrate reduction and primary ammonium assimilation and the induction of GDH involved in the re-assimilation of ammonium. C, The expression patterns of genes for carbon metabolism. D, Differential expression of genes for glycolysis. metabolism are MYB family proteins, including Psr1 from Chlamydomonas reinhardtii (Wykoff et al., 1999) and PHR1 from Arabidopsis (Rubio et al., 2001 ). Three expression patterns for three genes of the SCARECROW family were found with one induced in leaves, one repressed in leaves, and one induced in both leaves and roots. The gene for SCARECROW has been reported as a TF for root development (Helariutta et al., 2000) . Four genes for AP2 domain proteins were induced in leaves, with one induced in roots as well. The AP2 domain is a highly conserved DNA-binding domain in EREBP group TFs, with many of them known to be responsive to environmental stresses (Weigel, 1995) . Seven genes for homeobox proteins were regulated in leaves with five induced and two repressed. Five genes for zinc finger proteins were induced in leaves. Several other genes involved in mRNA, tRNA, and rRNA processing and synthesis were regulated in both leaves and roots, including ATP-dependent RNA helicase and RNAbinding proteins (Fig. 7A) .
Among the 435 signaling transduction protein genes in the microarray, the expression of 108 genes (24%) were regulated by 2-fold or more during Pi starvation. Similar to the TFs, there is a largely distinct set of genes that are regulated in leaves and roots. Among those 108 genes, 54 were induced, with 33 in leaves only, 12 in roots only, and nine in both leaves and roots. For the 57 down-regulated genes, 39 were in leaves only, 13 in roots only, and five in both leaves and roots. These genes belong to at least seven distinct classes. Figure 6B lists those genes whose expression is regulated by 3-fold or more, either through induction or repression. It is interesting to note that several induced genes in leaves were already up-regulated at the 24-h point (Fig. 7B) , whereas the expression of several genes was already significantly altered at the 6-and 24-h time points. It appears that expression of many signal transductionrelated genes responded to Pi starvation signals earlier than the metabolic genes described above.
The signal transduction-related genes belong to essentially all common groups. There are genes encoding an Rho GTPase of plant (ROP) mitogen-activated protein kinase (MAPK) cascade components, and Ca 2ϩ -or calmodulin-dependent protein kinase (CDPK) or CDPK-related protein (CDRK) kinases. One CDPK gene on the microarray was induced by 16-fold, the largest among signal transductionrelated genes. CDPKs are believed to be involved in the response of plants to environmental stresses such as low temperatures, drought, pathogen defense response, and mechanical wounding (Martín and Busconi, 2001; Romeis et al., 2001; Chico et al., 2002) . The gene for phosphatase 2C was induced in leaves but repressed in roots (Fig. 7B) . It is also of interest to note that the ␤-GTP-binding protein was highly repressed, and this repression was evident already at the 6-h point. In Arabidopsis, it has been reported that there is only one gene for ␤-GTP-binding protein (AGB1; Lease et al., 2001) .
Three genes for ethylene response were regulated by Pi starvation with three expression patterns: induced in leaves, induced in both leaves and roots, and repressed in leaves but induced in roots. Four genes for auxin response showed two expression patterns: induced and repressed in leaves. The different regulation patterns indicate that Pi starvation could regulate different hormone-dependent signaling pathways in distinct manners.
DISCUSSION Pi Starvation-Triggered Cell Rescue System by Reduction of Carbon and Nitrogen Assimilation
Pi starvation responses in most organisms can be divided into two categories, the specific responses and the general responses (Wykoff et al., 1998) . The specific responses promote efficient mobilization and acquisition of Pi from growth medium and intracellular stores. The general responses allow for longterm survival by coordinating the metabolism of cell to nutrient availability and growth potential. One high-affinity Pi transporter AtPT2 (At2g38940) was on the microarray, but no induction of it was detected. It has been reported that the gene could be induced after 5 d of Pi starvation , thus it is still possible that long time of starvation is needed for some of those specific response genes. It has been known that the PHO5 purple acid phosphatase gene in yeast is involved in its Pi starvation-regulated system (Ogawa et al., 2000) . In Arabidopsis, one gene for purple acid phosphatase (AtACP5) was found to be Pi starvation induced (del Pozo et al., 1999) . Three genes for purple acid phosphatase were on the microarray and one of them (At1g25230) was induced by more than 2-fold (Fig.  1) . This is a new purple acid phosphatase gene responsive to Pi starvation. Those examples support a notion that Arabidopsis also has a specific response to promote efficient mobilization of usable Pi.
The general responses cover a variety of metabolic pathways and most of the 26% of the genes in the array exhibited differential expression in response to Pi starvation. The overall metabolic alteration indicates a Pi starvation-triggered cell rescue system due to the limitation of C and N assimilation. It is generally assumed that plants could not maintain normal metabolisms for more than 1 d under Pi starvation, which is supported by our data that after 1 d Pi starvation, the Pi concentration in root would be decreased. It has been reported that under Pi starvation, plants may alter the rate of the photosynthesis and photosynthetic product partitioning (Duff et al., 1989) . The expression profiles of the genes related to the photosynthesis system and to general carbon metabolism in this study lend support for the earlier hypothesis (Fig. 5, C and D) .
NADPH and reduced Fdx are required in carbon reduction and primary nitrate assimilation. In leaf cells, Pi starvation resulted in reduction of photosynthetic gene expression and photosynthetic activity. Thus Fdx and NADPH levels are declined. This would certainly affect carbon reduction and nitrate assimilation. Thus it is more energy conserving for the cell to reduce the expression of genes for carbon reduction pathways and nitrate assimilation enzymes. In roots, Fdx is reduced by FNR using NADPH as a reductant, which can be provided by reduced carbon imtermediates that are transported to or stored in the roots. A reduction of photosynthetic activity in leaves will most likely affect the NADPH and thus Fdx levels in roots. Therefore, it is expected that genes for Fdx-NiR and Fdx-GOGAT involved in nitrate assimilation would be repressed after 24 h of starvation in both leaves and roots. GDH will be induced by reduction of carbon and organic nitrogen in plants to provide NH 4 ϩ for the cycle of Gln to Glu. The gene for GDH was induced in both leaves and roots with more than 4-fold induction in leaves in this case (Fig. 5B) . New sources of energy and nitrogen reassimilation are required to meet metabolic and transport demands under Pi starvation. Many genes were coordinately regulated in the catabolism of proteins and carbon compounds after 24 h of Pi starvation. The Pi starvation evidently presents a stress to both roots and leaves. This was not only supported by induced expression of stress response regulatory genes but was also supported by the strong induction of stress-inducible genes. For example, the expression of the SEN1 was most strikingly regulated by Pi starvation. It has reported that SEN1 can be strongly induced in Arabidopsis leaves subjected to senescence by 0.1 mm abscisic acid or 1 mm athephon treatment (Oh et al., 1996) . Under our conditions, SEN1 was induced after the 24-h Pi starvation in both leaves and roots, up to 63-fold at the 48-h point in leaves (Fig. 1 ).
Positive and Negative Regulation of TFs during Pi Starvation May Coordinate Pi Starvation Responses in Plants
At least 22 Pi regulated genes have been identified through a whole-genome DNA microarray analysis in Brewer's yeast (Ogawa et al., 2000) . The Pi regulatory system consists of at least five Pi-specific regulatory proteins, including two TFs, Pho2 and Pho4, the cyclin-cyclin-dependent protein kinase (CDK) complex (Pho80-Pho85), and the Pho81 CDK inhibitor (Oshima, 1997) . Positive and negative regulators of the PHO5 gene (encoding acid phosphatase) and PHO84 (encoding high-affinity Pi transporter) in yeast have been identified (Lenburg and O'Shea, 1996) . Under higher Pi concentrations, Pho80-Pho85 kinase phosphorylates Pho4, and the phosphorylated Pho4 is thus unable to activate target genes. Under low Pi concentrations, Pho81 inhibits the Pho80-Pho85 kinase activity, and the hypophosphorylated form of Pho4 together with Pho2 activates the target genes.
Negative regulation of Pi starvation has been hypothesized in plants (Mukatira et al., 2001 ), e.g. during Pi starvation TFs may be less abundant and/or incapable of binding with promoters due to posttranslational modifications. Both induced and repressed TFs by Pi starvation were found in the present study, including two MYB genes induced and two MYB genes repressed by more than 3-fold (Fig. 7A) . Our data support the presence of both positive and negative regulation of distinct TFs during Pi starvation. However, the response to Pi starvation in Arabidopsis is obviously much more extensive than in yeast. Several other types of TFs and translation regulators were regulated by Pi starvation, including one gene for a bHLH DNA-binding protein that was up-regulated by 3-fold (Fig. 7A) . A Pi starvation-responsive TF with bHLH domain has also been reported in yeast (Berben et al., 1990) .
Pi Starvation and Cell Signal Transduction
Our data revealed that the transition of 30-d-old Arabidopsis plants from normal Pi growth medium to Pi starvation resulted in a more than 20% decrease after 24 h in free available Pi in roots, but it was nearly recovered (to 94% of normal level) by the end of 3rd d. However, no change of free available Pi in leaves was observed during the same period (Table  I ). The decrease in free available Pi in roots after Pi starvation could potentially serve as the trigger for the alteration in genome expression. However, the maximal 20% reduction in free available Pi in roots would be too small a change to be a sensitive signal for a plant's response to Pi starvation. It is more likely that Arabidopsis roots are able to directly sense the Pi availability of the outside growth medium and are able to relay this perceived information to both roots and leaves for an coordinated response in genome expression.
At least two different signaling mechanisms maintaining Pi homeostasis in plants have been proposed, one operating at the cellular level and another involving multiple organs and most probably arising from the shoots (Raghothama, 1999) . Although direct evidence for the involvement of Ca 2ϩ in Pi starvation-induced signaling is still lacking, there is evidence of increased Ca 2ϩ -ATPase transcript accumulation in the roots of starved tomato plants . In addition, Ca 2ϩ -ATPase is involved in the signal transduction chain through alteration of Ca 2ϩ concentration and CDPK. Three clones for CDPK and one clone for CDRK were present in the microarray, and all of them were induced. The expression patterns of one gene for CDPK and one gene for CDRK with a more than 3-fold induction, are shown in Figure 7B . CDPKs are believed to be involved in the response of plants to environmental stresses such as low temperatures, drought, pathogen defense response, and mechanical wounding (Martín and Busconi, 2001; Romeis et al., 2001; Chico et al., 2002) , but their involvement in the Pi starvation-signaling pathway was not reported before. It has been reported that a Pi signal is transduced from an unknown Pi sensor to transcriptional activators of PHO5 via a CDK complex in yeast (Lau et al., 1998) . Two clones for Arabidopsis CDK were present on the microarray, but their expression was not significantly regulated during Pi starvation.
Many signals are transduced by protein kinase cascades involving small GTP-binding proteins and MAPK cascades (MAPKKK/MAPKK/MAPK). Genes for these proteins involved in the transduction chain were up-regulated in leaves including MAPKKK and RAC-like GTP-binding protein. Down-regulation of the genes for calmodulin and MAPKK was also found. One gene for the heterotrimeric G protein ␤-subunit was repressed by more than 10-fold at the 48-h point (Fig. 7B) . MAP kinases will phosphorylate Ser, Thr, and Tyr residues in target proteins. Four clones for Tyr phosphatase were found on the microarray and two of them were down-regulated in leaves and/or in roots by more than 4-fold.
Up-and down-regulation of genes for ethyleneresponsive proteins, auxin-regulated proteins and gibberellin-responsive proteins were found (Fig. 7B) . It is likely that ethylene and auxin have roles in altering root architecture and promoting root hair elongation in response to Pi starvation (Lynch and Brown, 1997) . It has been known that MAP kinase cascades are involved in the signal transduction cascades triggered by gibberellin, auxin, and ethylene, but the details of the interaction between these hormone-responsive proteins and the MAP kinase is not clear.
Uptake studies in the pho2 Arabidopsis mutant, a hyperaccumulator of Pi in shoots, suggest that the induction of gene expression is initiated in response to changes in internal concentration of Pi in higher plants (Dong et al., 1998) . Changes in cellular Pi concentrations are accompanied by the translocation of carbohydrate to the roots. Therefore it is possible that Pi starvation signals are transmitted to the root via certain carbon assimilates or changes in Pi fluxes. The up-regulation of the genes for Glc transporter, carbohydrate catabolism and cell wall biosynthesis, and down-regulation of the genes for a Suc transporter and biosynthesis in leaves were found in this case, which supports the functional relationship of carbon catabolism and translocation with Pi starvation signals.
MATERIALS AND METHODS
Plant Growth Conditions
Arabidopsis ecotype Columbia seeds cold-treated in water at 4°C for 3 d were planted in vermiculite for seedling development. After 6 d, the seedlings were transferred to hydroponic growth conditions. Plants were grown in growth chambers (AR-75L, Percival Scientific, Boone, IA) under the light of a photosynthetic photon flux density of 150 mol photons m Ϫ2 s Ϫ1 in a 14-h-light/10-h-dark photoperiod. The day/night temperature and humidity were controlled at 22°C/20°C and 80%. After 30 d, the plants grown hydroponically in nutrient solution containing 5 mm KNO 3 , 2.5 mm KH 2 PO 4 , 2 mm MgSO 4 , 2 mm Ca(NO 3 ) 2 , 50 m Fe-EDTA, 70 m H 3 BO 4 , 14 m MnCl 2 , 0.5 m CuSO 4 , 1 m ZnSO 4 , 0.2 m Na 2 MoO 4 , and 0.01 m CoCl 2 , pH 5.7 (modified from Chen et al., 2000) were transferred into a nutrient solution without Pi (KH 2 PO 4 was replaced with K 2 SO 4 ) or a fresh control (normal) medium. The roots and leaves were harvested respectively after 6, 24, 48, 72 h following the growth medium transition and frozen in liquid nitrogen for RNA isolation.
Measurement of Pi Concentration in Plant Tissues
Ten representative plant rosettes and roots were harvested at defined time points after growth medium transition for Pi concentration measurement. After drying in an 80°C oven for 3 d, the Pi concentration of the rosette of each sample was analyzed by the method of phosphomolybdenum blue reaction using a Spectroquant NOVA60 spectrophotometer and Spectroquant Phosphat-Test Kit (Merck, Darmstadt, Germany). The total free available Pi concentration of each plant was calculated based on the total dried biomass and the Pi content.
RNA Preparation and Blot Analysis
Total RNA was extracted from the roots and leaves of Arabidopsis plants by using Trizol D0410 reagent based on recommended procedure (Invitrogen, Carlsbad, CA). About 50 to 100 mg of tissue was homogenized using a porcelain mortar in 1 mL of Trizol reagent, and the isolation procedure was essentially as previously described (Ma et al., 2001) . RNA was resuspended in RNase-free water and stored at Ϫ20°C. The total RNA used in microarray analysis was also used for RNA gel-blot hybridization according to a previously used protocol (Deng et al., 1992) . The EST clone inserts were used as probes for RNA gel-blot hybridization.
Sequence Analysis
All of the EST clones corresponding to specific genes resented in the figures or text have been sequenced to confirmed the identity using a MegaBACE 1000 sequencer. Sequence homologies were examined with the GenBank/EMBL database using the BLAST program.
Fluorescent Labeling of Probe, Hybridization, Washing, and Scanning
Probe labeling with Cy-3-or Cy-5-conjugated deoxy UTP (Amersham Pharmacia Biotech, Piscataway, NJ), the purification of labeled cDNA, hybridization to the Arabidopsis array, and washing and scanning of hybridized array slides were as described previously (Ma et al., 2001 ).
Data Analysis
Hybridization signals from the microarray were quantified using Axon GenePix Pro 3 image analysis software. The expression ratios were measured using the GenePix Pro 3 median of ratio method, and they were normalized using the corresponding GenePix default normalization factor. The program GPMERGE was used to merge the replicated GenePix Pro 3 output data files (gpr files; http://bioinformatics.med.yale.edu/software.html). With this program, four to six replicated data sets from each experiment were pooled. A number of quality control procedures were conducted before data points from the replicates of two or three independent biological sample sets were averaged as previously described (Ma et al., 2001 (Ma et al., , 2003 . A hierarchical clustering analysis was performed as described by Eisen et al. (1998) .
